Abstract This in vitro study was undertaken to investigate the effects of an optional etching step with 35% phosphoric acid or double curing time on the shear bond strength (SBS) of one-step selfetch adhesives to dentin. A significant improvement in shear bond strength was demonstrated when dentin was acid-etched with 35% phosphoric acid prior to the application of one-step self-etch adhesives. The use of curing time double that was recommended by the manufacturers of the respective adhesives was capable of increasing the bond strength of the Single Bond Universal Adhesive but not that of the other two adhesives (XenoÒ V + and AdheSEÒOne F VivaPen), indicating that the bond strength is adhesive-dependent. Therefore, the use of phosphoric acid-etching on dentin is highly recommended, followed by one-step self-etch adhesives. 
Introduction
The interaction of current adhesives with the dentin substrate generally involves one of two approaches, either etch-and-rinse or self-etch. The etch-and-rinse approach is still the most reliable and effective approach to achieve efficient and stable bonding to both enamel and dentin, while the self-etch approach is the most promising, with reduced steps during the application process, minimized technique-sensitivity, and fewer risk errors during application.
1,2 Self-etch adhesives do not require a separate etching step and are subdivided into two types: two-step self-etch adhesives and one-step self-etch adhesives (all-in-one adhesives). Two-step self-etch adhesives are comprised of separate etch-primer and adhesive steps, while one-step self-etch adhesives combine the etch-primer and adhesive into a single application. 3 Self-etch adhesives are composed of aqueous mixtures of acidic functional monomers, generally phosphoric acid esters with a pH higher than that of phosphoric acid, and can be classified according to their acidity into: ultramild (pH P 2.5), mild (pH 2), intermediate (pH 1.5) and strong (pH 6 1). [4] [5] [6] [7] Self-etch adhesives are a complex mixture of components including acidic functional monomers, an association of hydrophilic and hydrophobic monomers, co-monomers, cross-linkers, initiators, water and solvents. One of the co-monomers most widely used is hydroxyethylmethacrylate (HEMA), which acts as a solvent and prevents hydrophilic and hydrophobic phase separation. The application of selfetch adhesives to tooth structure prior to the placement of resin composite materials will ensure maximum adhesion by improving monomer penetration into the hydrophilic dentin substrate, and improve the wettability of this substrate with resin components. [8] [9] [10] [11] Controversial effects, including improved bond strength, no effect, and reduced bond strength, have been reported with the use of the phosphoric-acid-etching step in conjunction with one-step self-etch adhesives. [12] [13] [14] The permeability of self-etch adhesives has been correlated with the incomplete polymerization of resin monomers, and these adhesives may be rendered less permeable by the use of curing times longer than those recommended by the respective manufacturers. 15 Due to this controversial issue, and the limited information about the effects of longer curing times on the bond strength of one-step self-etch adhesives, this study was conducted to evaluate the effects of:
(1) an optional etching step with 35% phosphoric acid on the shear bond strength (SBS) of one-step self-etch adhesives to dentin; and (2) curing time double that was recommended by the respective manufacturers on the shear bond strength (SBS) of one-step self-etch adhesives to dentin.
The null hypotheses tested were that:
(1) there would be no effect of phosphoric acid on the shear bond strength (SBS) of one-step self-etch adhesives to dentin; and (2) there would be no effect of double curing time on the shear bond strength (SBS) of one-step self-etch adhesives to dentin.
Materials and methods
A pilot study was conducted at the beginning of our experiment to investigate the reliability of the tests used.
Tooth selection
Ninety recently extracted, caries-free human molar teeth were used. All teeth were cleaned with an ultrasonic scaler and polished with non-fluoridated pumice in a rubber cup mounted in a slow-speed handpiece (KaVo EWL, No. 6412500, Biberach, Germany). After being cleaned and polished, the teeth were stored in distilled water with 0.05% thymol solution in a dark container at room temperature until being mounted. The teeth selected for study were free of caries, cracks, abrasion facets, fluorosis and damage due to extraction. Each tooth was examined under a stereomicroscope (Stereoscopic Zoom Microscope SMZ 1000, Nikon, Tokyo, Japan) to eliminate teeth with cracks or hypoplastic defects.
Preparation of specimens
To obtain a flat dentin-bonding surface, we ground the occlusal surfaces of the teeth at slow speed with a 180-grit silicon carbide paper mounted on an Automata Machine (Jean-Wirtz GmbH, Du¨sseldorf, Germany). The teeth were ground to a depth to expose a sufficient area of dentin (diameter of approximately 5 mm). The teeth were examined under a stereomicroscope (Stereoscopic Zoom Microscope SMZ 1000, Nikon) to ensure that no enamel was left on the bonding area. After a flat dentin surface was established, each tooth was mounted in a polyvinyl chloride (PVC) cylindrical mold (diameter, 34 mm; height, 25 mm). Before teeth were mounted, the end of each mold was finished at right angles to the axis, to establish parallelism.
Vaseline was applied to a glass slab to keep the tooth and mold stationary during the mounting procedure. The flat dentin surface of each tooth was placed on the Vaseline. The polyvinyl chloride mold was then centered over the tooth. A self-cure acrylic resin was mixed and poured into the mold until the tooth was completely covered by acrylic resin. The above mounting procedure resulted in specimens where the flat dentin surface and the acrylic resin were flush at one end of the mold. To avoid the effects of thermal generation by acrylic resin on the teeth, the specimens were kept in cold water until the completion of the polymerization process. The specimens were then finished and polished with wet silicon carbide papers (240-, 400-and 600-grit silicon carbide paper for 30 s) (Buehler, Lake Bluff, IL, USA) mounted in an Automata Machine (Jean-Wirtz GmbH, Du¨sseldorf, Germany) to eliminate the layer that might have been contaminated by any Vaseline residue or acrylic resin, and to freshen the dentin surface, after which the specimens were stored in distilled water at 3-4°C until they were used.
Experimental groups
The specimens were randomly divided into three main groups (n = 30) according to the application process:
Group 1: Adhesive applied to moist dentin and light-cured for 10 s (the control group). Group 2: Adhesive applied to etched dentin (etched with 35% phosphoric acid for 20 s and kept moist) and lightcured for 10 s. Group 3: Adhesive applied to moist dentin and light-cured for 20 s.
Each main group was subdivided into three subgroups (n = 10) according to the three types of one-step self-etch adhesives:
Bonding procedures
All bonding procedures were performed according to the manufacturers' instructions (Table 1) . A light-curing procedure was carried out with a high-power light-emitting-diode (LED) curing light (BluePhase G2, Ivoclar-Vivadent, Amherst, NY, USA) delivering an irradiance exposure with an average of 1260 mW/cm 2 and verified with a curing radiometer (Ivoclar-Vivadent).
Resin composite application
After the bonding procedure, each specimen was placed in the compression bonding apparatus for application of the resin composite (Filtek Z 250 -shade A2, 3M ESPE Dental Products, MN, USA) in the vinyl tube (2 mm high and 4 mm in diameter) (Fig. 1 ). The resin composite was then condensed against a cured adhesive bonding agent to form a resin post, followed by light-curing for 40 s.
Thermocycling
After the bonding procedure, the samples were stored in distilled water at 37°C for 24 h, then subjected to 1000 cycles in a thermocycling apparatus (Thermocycler 1100/1200, SD Mechatronik, Pleidelsheim, Germany) between baths of 5 and 55°C with a dwell time of 30 s. 16 After being thermocycled, samples were stored in distilled water at 37°C until the one-week storage time was completed, as required by the protocol. 
Shear bond strength (SBS) testing
Samples were subjected to SBS testing in a materials testing machine (Instron 5965, ITW Instron, Norwood, MA, USA) with a load cell of 5 kN. The sample was mounted in a customized metal jig while a knife-edged rod with a width of 0.5 mm was applied to the adhesive-dentin interface at a cross-head speed of 0.5 mm/min. The SBS was expressed in megaPascals (MPa), obtained by dividing the load at failure by the bonded cross-sectional area.
Failure analysis
After being shear-tested, all fractured samples were analyzed by stereomicroscopy (Stereoscopic Zoom Microscope SMZ 1000, Nikon) at 30· magnification for failure analysis. Failure modes were classified as: ''Adhesive failure'', between the bonding agent and dentin (A D ) or between the bonding agent and resin composite (A R ); ''Cohesive failure'' within the resin composite material (C R ) or the dentin structure (C D ); or ''Mixed failure''. 
Results
The results for mean SBSs and the failure modes of Single Bond Universal, XenoÒ V + and AdheSEÒOne F VivaPen one-step self-etch adhesives and resin composites to human dentin under the different application processes (moist dentinlight-curing for 10 s, etched dentin -light-curing for 10 s and moist dentin -light-curing for 20 s) are presented in Table 2 and Fig. 2 . Different statistical analysis tests are summarized in Table 2 .
Single Bond Universal self-etch adhesive
Different application processes had significant effects on the bond strength of Single Bond Universal self-etch adhesive to dentin (p < 0.0001) ( Table 2 and Fig. 2) .
Mean SBS values of this adhesive agent to the dentin were significantly increased in the different groups (etched dentinlight-curing for 10 s and moist dentin -light-curing for 20 s) compared with that of the control group (moist dentinlight-curing for 10 s) (p < 0.0001, respectively), and the bond strength was increased significantly in the 'moist dentinlight-curing for 20 s' group compared with that in the 'etched dentin -light-curing for 10 s' group (p < 0.0001).
XenoÒ V + self-etch adhesive
Different application processes had significant effects on the bond strength of XenoÒ V + self-etch adhesive to dentin (p = 0.002) ( Table 2 and Fig. 2 ).
Mean SBS values of this adhesive agent to the dentin were significantly increased in the 'etched dentin -light-curing for 10 s' group compared with those of the other two groups (moist dentin -light-curing for 10 s and moist dentin -lightcuring for 20 s) (p = 0.027 and p = 0.018, respectively), and there was no significant difference between the latter two groups (p = 0.998).
AdheSEÒOne F VivaPen self-etch adhesive
Different application processes had significant effects on the bond strength of AdheSEÒOne F VivaPen self-etch adhesive to dentin (p < 0.0001) ( Table 2 and Fig. 2) .
Mean SBS values of this adhesive agent to the dentin were significantly increased in the 'etched dentin -light-curing for 10 s' group compared with those of the other two groups (moist dentin -light-curing for 10 s and moist dentin -lightcuring for 20 s) (p < 0.0001, respectively), and there was no significant difference between the latter two groups (p = 0.620).
Modes of failure
The failure modes for each group are listed in Table 3 . The 'Percentage of cohesive failure within dentin structure' category increased to 100% of the specimens of the Single Bond Universal self-etch adhesive in the two groups (etched dentin -light-curing for 10 s and moist dentin -light-curing for 20 s) compared with 70% of the specimens in the 'moist dentin -light-curing for 10 s' group.
The 'Percentage of mixed failure' category increased to 90% of the specimens of the XenoÒ V + self-etch adhesive in the 'etched dentin -light-curing for 10 s' group compared with 30% and 70% ['Adhesive failure' category (A D )] of the specimens in the other two groups (moist dentin -light-curing for 10 s and moist dentin -light-curing for 20 s, respectively).
The 'Percentage of mixed failure' category increased to 100% of the specimens of the AdheSEÒOne F VivaPen selfetch adhesive in the 'etched dentin -light-curing for 10 s' group compared with 100% ['Adhesive failure' category (A D )] of the specimens in the other two groups (moist dentin -light-curing for 10 s and moist dentin -light-curing for 20 s). 
Discussion
The present in vitro study evaluated the effect of optional dentin etching with 35% phosphoric acid on the shear bond strength of one-step self-etch adhesives. The first null hypothesis was rejected, since the etching process was shown to have a significant effect on the shear bond strengths of one-step selfetch adhesives to the dentin.
A significantly improved effect was demonstrated when dentin was acid-etched prior to the application of one-step self-etch adhesives. This result is in agreement with the previous study that demonstrated increased dentin bond strengths when phosphoric-acid-etching was used prior to the application of one-step self-etch adhesives. 12 Conversely, the results of the present study are in contrast to those of previous studies that reported decreased bond strength with self-etch adhesive to etched dentin. 7, 14 This can be explained by the fact that the one-step self-etch adhesives in this study might have benefitted from the presence of residual hydroxyapatite from collagen fibrils, resulting in additional chemical bonding, thus contributing to improved bond strengths to etched dentin. 17 All one-step self-etch adhesives tested in this present study contain functional acidic monomers [methacryloyloxydecyl dihydrogenphosphate (MDP) acidulated monomer for Single Bond Universal, functionalized phosphoric acid ester for XenoÒ V + , and Bis-methacrylamide dihydrogen phosphate for AdheSEÒOne F VivaPen; Table 1 ]. The agitation process of these adhesives on etched dentin is likely to carry fresh acidic monomers to the basal part of dentin, resulting in more aggressive demineralization, higher diffusion of monomers and better interaction with the smear layer and underlying dentin, thus contributing to improved bond strengths to etched dentin compared with non-etched dentin. 18, 19 Doubling the respective manufacturers' recommended curing times had no significant effect on the shear bond strengths of two adhesives (XenoÒ V + and AdheSEÒOne F VivaPen) and a significant effect on the shear bond strength of Single Bond Universal adhesive to the dentin. This probably indicates that the effect of double light polymerization curing time on bond strength is adhesive-dependent, which leads to the partial rejection of the second null hypothesis.
The significant improvement of the shear bond strength of Single Bond Universal adhesive to the dentin was due to the presence of a well-balanced ratio of MDP and dimethacrylate resins, 20 and might also be due to the improved cross-linking of Vitrebond copolymer after more energy was delivered through prolonged light polymerization.
The overall performance of Single Bond Universal adhesive was superior to that of the other two adhesives, with a high percentage of cohesive failures within the dentin substrate, which correlated to the presence of the unique chemistry ''VMS'' technology: Vitrebond copolymer, which provides more consistent bond performance to dentin under various moisture levels; MDP phosphate monomer, which offers self-etching properties, higher enamel bond strength, higher bond strength to zirconia, alumina, and metals and higher hydrophilic stability, so no refrigeration is needed; and Silane, which allows the adhesive to bond chemically to glass ceramic surfaces without the use of a separate ceramic primer.
Conversely, AdheSEÒOne F VivaPen was inferior to the other two adhesives, with a high percentage of adhesive failures between the dentin substrate and the adhesive, possibly related to an inadequate equilibrium among the chemical components of this adhesive, and possibly due to the absence of HEMA. HEMA, in one-component one-step self-etch adhesives, plays a crucial role in the prevention of hydrophilic and hydrophobic phase separation, which may help in the improvement of bond strength. 9,21,22
Conclusions
Within the limitations of this study, the following conclusions can be drawn:
(1) The present study supports the application of 35% phosphoric acid to the dentin substrate prior to the application of one-step self-etch adhesives because of significant improvements in bond strengths. (2) The use of curing times double those recommended by the manufacturers of the respective adhesives was capable of increasing the bond strength of Single Bond Universal adhesive, but not that of the other two adhesives, which means that bond strength is adhesive-dependent.
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